1. Introduction {#sec0005}
===============

Plant diseases are a significant yield and quality constraint for growers agricultural, the loss of crops due to the attack of fungi of the genus *Alternaria,* could represent up to 25 % of the world crop production per year \[[@bib0005]\]. Disease management of crops often represents an important component of agricultural production cost and usually, the way to control and treat diseases in agricultural ecosystems includes the use of pesticides. However, the growing concern about the effects of pesticides on the environment and residues in food has led to the reduction or elimination of the use of a series of agrochemicals, therefore, it becomes an urgent matter to find options that allow to replace the use of pesticides. Currently, in the field of chemistry and pharmacological research, there has been an increased interest in the biological control of plant diseases \[[@bib0010]\].

A biological control agent (BCA) is usually a fungus, bacteria or virus, or a mixture of these, in plant pathology, the term BCA applies to the use of microbial antagonists to suppress diseases \[[@bib0015]\], the main advantage of using a BCA is that they are highly specific for a pathogen and therefore are considered harmless for non-target species \[[@bib0010]\].

*Alternaria japonica* is a cosmopolitan phytopathogen that can survive as saprophyte and as weak parasite, this pathogen has multicellular pigmented spores that reproduce in chains or in branched forms. Its conidium body can gradually narrow into a tapered secondary conidiophore \[[@bib0020],[@bib0025]\]. This fungus can cause the reduction of seed germination; when it attacks the morphology of the host leaves, it produces a series of yellow concentric rings around the initial site of attack \[[@bib0030]\]. The most important effect of this disease can be found in the inflorescence, where it causes a decay that in some cases affects up to 100 % of inflorescences \[[@bib0035]\].

The control of phytopathogenic fungi using environmentally friendly practices has been developed based on the use of antagonistic microorganisms that, through competitive mechanisms, antibiosis and induction of resistance, limit its development. One of the genus that could react as a biocontroller of fungal microorganisms is *Bacillus* \[[@bib0040]\]. The metabolites that this bacterium produces are lipopeptide-like, and are found within molecules of biological interest due to the inhibition of phytopathogenic growth \[[@bib0045]\]. Species of the genus *Bacillus*, including *B. megaterium*, are attractive not only due to the production of a necessary range of phytopathogenic inhibitor molecules, but also because of the formation of endospores, useful for the duration and effectiveness of the formulations \[[@bib0050]\].

Nowadays, there are some commercially available culture mediums that offer the necessary parameters of energy, carbon and nitrogen that microorganisms require for their growth, but those can be costly. This is how solid fermentation is a viable alternative, which takes place in the absence or near absence of free water, thus being close to the natural environment to which the selected microorganisms are naturally adapted \[[@bib0055]\]. Some agricultural waste can be used as solid substrates, which leads to a reduction of capital costs and potentially provides a superior productivity \[[@bib0060]\]. Another advantage of solid fermentation is that it is a well-known technology, because it is used in different fields such as the production of enzymes, antibiotics, organic acids, unicellular proteins, biopesticides, biofuels \[[@bib0065],[@bib0070]\]. In Ecuador, the cultivation of broccoli is widespread because the demand for this vegetable from the European continent has grown in recent years \[[@bib0075]\]. Due to these factors and the ever increased demand for this product, it becomes necessary to find an environmentally friendly alternative to the massification of *Bacillus megaterium*, through the use of low-cost materials and easy acquisition.

2. Materials and methods {#sec0010}
========================

2.1. Microorganisms {#sec0015}
-------------------

The phytopathogenic fungus *Alternaria japonica* was isolated from sick broccoli leaves and the *Bacillus megaterium* was obtained from a collection of isolated strains of soils with broccoli crops in the province of Tungurahua-Ecuador \[[@bib0080]\]. These samples are currently cryopreserved in Criobank, in the "Centro de Investigación y Valoración de la Biodiversidad", at the "Universidad Politécnica Salesiana" in Quito - Ecuador \[[@bib0085]\].

The AB4 strain was chosen because, in previous research, its capacity as a biocontroller of *Alternaria japonica*, was register in *in vitro* tests \[[@bib0080]\] and in greenhouse tests \[[@bib0085]\].

2.2. Molecular identification of microorganisms {#sec0020}
-----------------------------------------------

### 2.2.1. DNA extraction {#sec0025}

The bacterial microorganism was cultured in TSB (Tryptic Soy Broth) and incubated at 30 °C. The DNA (deoxyribonucleic acid) was extracted from cultures of 24 h following the methodology described by Sambrook et al. \[[@bib0090]\].

The fungal microorganism was cultured in PDA (Potato Dextrose Agar) for 7 days at 25 °C and the DNA was extracted following the methodology described in González-Mendoza et al. \[[@bib0095]\].

For the bacterial microorganism, the 16S region was amplified with the primers 27 F (5´AGAGTTTGATCCTGGCTCA 3´) and 1492R (5´ GGTTACCTTGTTACGACTT 3´) \[[@bib0100]\]. PCR was performed in the thermal cycler under the following conditions: initial denaturation at 95 °C for 2 min, 24 cycles of denaturation at 95 °C for 30 s, annealing at 55 °C for 1 min, initial extension for 2 min at 72 °C and final extension of 10 min at 72 °C followed by maintenance at 4 °C \[[@bib0105]\].

For the fungal microorganism, the ITS region was amplified. The ITS 1 primer was used (5´CCGTAGGTGAACCTGCGG-3´) as well as the ITS4 (5´TCCTCCGCTTATTGATATGC-3´) \[[@bib0110]\]. PCR was performed in the thermal cycler under the following conditions: initial denaturation at 94 °C for 5 min, 30 cycles of denaturation at 94 °C for 1 min, annealing at 53 °C for 1 min, initial extension for 1 min at 72 °C and final extension of 10 min at 72 °C followed by maintenance at 4 °C \[[@bib0115]\].

The PCR products were purified and subjected to Sanger sequencing. Sequence similarity was searched using the BLAST program (N) in the NCBI Genbank.

2.3. Production of biopreparations of Bacillus megaterium {#sec0030}
---------------------------------------------------------

### 2.3.1. Preparation of the inoculum {#sec0035}

A bacterial suspension was prepared from the preserved microorganisms. Strain AB4 was reactive in nutrient agar plates. Fresh biomass was transferred to a sterile saline phosphate buffer solution. This cell suspension was used for all experiments.

### 2.3.2. Fermentation in the liquid state {#sec0040}

To make the biopreparation by fermentation in a liquid state, soy flour, fava bean flour and ground brown sugar were used.

[Table 1](#tbl0005){ref-type="table"} shows the composition and concentration of the culture media used in the experiments.Table 1Composition and concentration of liquid culture medium.Table 1TreatmentsNitrogen Sourceg.L^−1^Carbon Sourceg.L^−1^T1Soybean flour + S.S[a](#tblfn0005){ref-type="table-fn"}40Ground brown sugar5T2Soybean flour + S.S[a](#tblfn0005){ref-type="table-fn"}40Ground brown sugar6T3Fava Bean flour + S.S[a](#tblfn0005){ref-type="table-fn"}40Ground brown sugar5T4Fava Bean flour + S.S[a](#tblfn0005){ref-type="table-fn"}40Ground brown sugar6T5TSB (Trypticase Soy Agar)[^1]

The experiments were carried out in 250 mL glass Erlenmeyer flasks with 100 mL of each culture medium, 100 μL of the bacterial suspension was inoculated, at an initial concentration of 1.5 × 10^8^ CFU. mL^−1^, using the spectrophotometer it was verified that the inoculum has absorbance similar to the standard 0.5 Mac Farland. It was incubated at 35 °C and 100 rpm for 72 h. Each treatment had four replications and the fermentation process was repeated twice.

### 2.3.3. Fermentation in the solid state {#sec0045}

To make the biopreparation by fermentation in the solid state, enriched substrates were used. Details are presented in [Table 2](#tbl0010){ref-type="table"}. 50 g of each substrate were placed in propylene bags and sterilized at 121 °C, 1 atm for 60 min. They were inoculated with 50 μL of fresh cell suspension at an initial concentration of 1 × 10^8^ CFU. g^−1^, incubated at 35 °C for 72 h. The fermentation process was repeated twice.Table 2Composition of solid substrates and concentration of nutrients.Table 2TreatmentsSubstratesCarbon Sourceg.Kg^−1^Nitrogen Sourceg.Kg^−1^T1Barley grainGround Brown Sugar40Soybean flour + S.S[a](#tblfn0010){ref-type="table-fn"}40T2Wheat branGround Brown Sugar40Soybean flour + S.S[a](#tblfn0010){ref-type="table-fn"}40T3PeatGround Brown Sugar40Soybean flour + S.S[a](#tblfn0010){ref-type="table-fn"}40T4RiceGround Brown Sugar40Soybean flour + S.S[a](#tblfn0010){ref-type="table-fn"}40[^2]

### 2.3.4. Total cell production {#sec0050}

The cell concentration of each treatment was estimated by a serial of dilutions in sterile saline phosphate buffer solution (70 mL of 0.2 M KH~2~PO~4~, 30 mL of 0.2 M K~2~HPO~4~ and 300 mL of deionized water, pH 6.5) and plateaus in nutrient agar, taking samples from 24, 48 and 72 h.

### 2.3.5. Efficacy test of the liquid and solid biopreparations in a culture of Brassica oleracea var. Italica {#sec0055}

The trial was conducted in the province of Tungurahua-Ecuador in the parish of Izamba (2500 m.a.s.l. average temperature 14 °C), in an area of 280 m^2^, establishing a total of 25 beds, with a dimension of 14m × 0.5m each one. Planting distance was 0.4 m between plants and 0.3 m between lines, with two drip irrigation lines per bed; the variety sown was Domador of the commercial house SEMINIS.

There were a total of 1750 plants, 70 plants/bed, of which 10 plants were chosen per bed. From each plant, two leaves were chosen at random, which together with the respective inflorescence, were evaluated throughout the entire trial. Each treatment had three replications, and a Completely Random Design (CRD) was made.

The application of the treatments was done in leaves and inflorescence through direct spraying, with the help of manual pumps. The selected biopreparations, one liquid and one solid, were suspended in water and applied at a concentration of 10^6^ CFU. mL^−1^. Nonylphenoletylene oxide was added, at a dose of 0.5 cm^3^.L^−1^ to improve the adhesion of the mixture to the plants. For the chemical control, Mancozeb was used at a concentration of 2 g.L^−1^ and an absolute control was used in the water.

The field was already infested by the disease, therefore, it was not necessary to inoculate the pathogen.

2.4. Disease assessment {#sec0060}
-----------------------

The application of the treatments was from the sixth week after the transplant to the field with a weekly frequency application.

### 2.4.1. Leaves assessment {#sec0065}

To determine the Area Under the Disease Progress Curve (AUDPC), the number of injuries caused by *Alternaria japonica* per leaf of each treatment was evaluated, for five weeks. At the end of the fieldwork period, the leaves were collected, and using the free software ImageJ version 2016, the healthy area and the affected area were measured in order to determine the final severity percentage. Furthermore, the Horsfall and Barratt Scale \[[@bib0120]\] was used and the Disease Index (%) was calculated as described in Saharan et al. \[[@bib0125]\].

### 2.4.2. Inflorescence assessment {#sec0070}

To evaluate the disease in the inflorescences, each of the inflorescences of the different treatments were harvested, at the end of the field cultivation period and then placed in humid chambers. Each inflorescence was labelled and stored for 7 days, after this period, the number of sick and healthy florets were quantified. The disease index (%) was then determined.

2.5. Statistical analysis {#sec0075}
-------------------------

The cell growth data of *Bacillus megaterium* obtained in the laboratory were recorded and transformed into Log10 to achieve uniformity in the variance.

The results of the laboratory and field phase were analyzed using Infostat software version 2013. An ANOVA analysis was performed with a Tukey Post Hoc test at α = 0.05.

3. Results {#sec0080}
==========

3.1. Identity of the AB4 strain and the phytopathogenic fungus {#sec0085}
--------------------------------------------------------------

The sequence of the 16S rDNA gene of the strain AB4 was compared to the NCBI database. The results indicated a 96 % similarity to the *Bacillus megaterium* species.

When analyzed in the NCBI database the sequence of the ITS region of the phytopathogenic fungus gave a 99 % similarity to the species *Alternaria japonica*.

3.2. Fermentation in the liquid state {#sec0090}
-------------------------------------

The effect of the combination of different nitrogen sources, such as fava bean flour and soybean meal with ground brown sugar, in the growth of strain AB4 is shown in [Table 3](#tbl0015){ref-type="table"}. Results showed a significant difference in at least one of the treatments: a lower level of growth was obtained in treatments T1, T2 and T4. The treatments with significantly higher growth levels were T3, composed of 40 g.L^−1^ fava bean flour and 5 g.L^−1^ ground brown sugar, and T5, composed of TSB. Results showed that T3 and T5 are the liquid biopreparations with the highest bacterial growth and statistical similarity at 72 h, with 8.71 and 8.64 log (CFU.mL^−1^) respectively.Table 3Effect of the different treatments on the growth of *Bacillus megaterium* by fermentation in liquid state after 24, 48 and 72 h of incubation at 35 °C and 100 rpm.Table 3TREATMENT\
TIMET1\
(UFC. mL^−1^)T2\
(UFC. mL^−1^)T3\
(UFC. mL^−1^)T4\
(UFC. mL^−1^)T5\
(UFC. mL^−1^)ANOVA24 h8.02 ± 0.3 c8.03 ± 0.2 c8.18 ± 0.3 b8.04 ± 0.4 c8.43 ± 0.3 a\<0.0001\*48 h8.23 ± 0.4 d8.44 ± 0.1 c8.61 ± 0.3 b8.60 ± 0.3 b8.68 ± 0.4 a\<0.0001\*72 h8.48 ± 0.2 c8.47 ± 0.3 c8.64 ± 0.2b8.54 ± 0.4bc8.71 ± 0.4 a\<0.0001\*[^3]

3.3. Fermentation in the solid state {#sec0095}
------------------------------------

The results of the analysis for the solid fermentation at 24, 48 and 72 h, showed that there was a significant difference in cell concentration between treatments. The substrate with the highest concentration of biomass was T2, which corresponds to the wheat bran matrix with 9.6 log (CFU.g-^1^) at 72 h. The results are summarized in [Table 4](#tbl0020){ref-type="table"}.Table 4Effect of the different treatments on the growth of *Bacillus megaterium* by fermentation in solid state after 24, 48 and 72 h of incubation at 35 °C and 100 rpm.Table 4\| TREATMENT\
TIMET1\
(UFC. g^−1^)T2\
(UFC. g^−1^)T3\
(UFC. g^−1^)T4\
(UFC. g^−1^)ANOVA24 h8.38 ± 0.4a8.51 ± 0.2a8.18 ± 0.3ab8.03 ± 0.4b0.0082 \*48 h9.51 ± 0.9a9.18 ± 1 b9.23 ± 0.8a8.60 ± 1.2b0.0068\*72 h9.42 ± 0.3b9.67 ± 0.1a9.11 ± 0.4c8.81 ± 0.2d\<0.0001\*[^4][^5]

3.4. Efficacy of *Bacillus megaterium* biopreparations against the disease caused by Alternaria japonica {#sec0100}
--------------------------------------------------------------------------------------------------------

### 3.4.1. Area under the curve for the progress of the disease (AUDPC) for the number of lesions on leaves {#sec0105}

The variance analysis of the AUDPC, showed that there was a significant difference between the treatments evaluated in the field. The absolute control TA was the treatment with the highest number of lesions. The C2 treatment corresponding to the solid biopreparation and the chemical treatment TQ were statistically similar and with less affectation of the disease as it is shown in [Table 5](#tbl0025){ref-type="table"}. [Fig. 1](#fig0005){ref-type="fig"} shows the evolution of the number of lesions during the different treatments.Table 5Area under the disease progress curve, analysis of variance and Tukey\'s test of the rate of the disease in florets and leaves and number of lesions in leaves.Table 5TREATMENT\
PARAMETERC1C2TATQANOVAAUDPC for the number of lesions on leaves (% day-1)208.13 ± 5 b140.99 ± 2 c265.82 ± 8 a106.4 ± 5 c\<0.0001\*Disease index for florets in the post-harvest (%)37.78 ± 8 b33.89 ± 2 b51.39 ± 8 a38.89 ± 4 b0.0002\*Disease index in Leaves (%)15.56 ± 4 b14.82 ± 9 b21.94 ± 0 a13.33 ± 1 b0.0002\*[^6]Fig. 1Curve of progress of the disease in the number of lesions per leaf.Fig. 1

Disease index (%)

#### 3.4.1.1. Florets {#sec0110}

As shown in [Table 5](#tbl0025){ref-type="table"}, the treatments that were applied with the biocontroller based on *Bacillus megaterium* showed lower severity of the disease. The treatments C1, C2 and TQ had statistical similarity and the absolute control, TA, is the most susceptible to the disease.

#### 3.4.1.2. Leaves {#sec0115}

In the Tukey Post Hoc test, the C1 and C2 biopreparations were shown to be statistically similar to the chemical treatment, with values of the disease index not exceeding 15.56 %.

4. Discussion {#sec0120}
=============

*In vivo* biocontrol activity using *Bacillus* strains is reported in different crops during their growth and in postharvest fruit and roots \[[@bib0130],[@bib0135]\].

For the elaboration of biopreparations, the selection of the source of nitrogen and carbon was based on Yánez-Mendizábal et al. \[[@bib0140]\] research, in which fermentation was carried out in the liquid state, using as a source of nitrogen soy flour. The use of flours as a substitute for microbiological culture medium has shown a favorable effect on the growth and sporulation of *Bacillus* strains \[[@bib0145]\].

Pastrana \[[@bib0150]\] mentions that in solid-state cultures the substrate can be transformed by microorganisms and this can also act as a source of nutrients \[[@bib0155]\]. Flours from unconventional sources, such as legumes, have not been exploited and contain proteins in regular quantity and quality \[[@bib0160]\]. That is why, the use of flour is a valid option to supplement bacterial nutrition due to its contribution of nutrients. In addition to the carbon source used in this study, wheat bran substrate, provided nutrients such as fiber, minerals, and vitamins. This facilitated the proliferation of bacteria and resulted in a higher concentration than that obtained in the biopreparation by fermentation in a liquid state. The use of solid fermentation enables the simulation of the natural growth conditions of microorganisms \[[@bib0165]\].

The production of lipopeptides can be achieved with both liquid and solid fermentation \[[@bib0170]\]. The metabolites of interest, previously reported by the *Bacillus* genus, include surfactin, fengicin, iturin A, B, and C, these lipopeptides and secondary metabolites are an important tool in the development of new effective products against plant pathogens of global interest \[[@bib0175]\].

In this study, the inhibition of the growth of the phytopathogen in the culture occurred because it was found that *Bacillus megaterium* produces at least 40 variants of antifungal type metabolites including Fengicin A and B and Bacillomycin D \[[@bib0180]\]. Pueyo \[[@bib0185]\] and Jung \[[@bib0190]\] have reported the use of these metabolites. They showed that these metabolites have prevented spore germination and the development of fungal mycelia. At the same time, endospores of *Bacillus megaterium* are reported as effective controllers of fungal diseases under greenhouse and field conditions \[[@bib0195]\].

The decrease of the disease index of fungal may have occurred because it was found that *Bacillus megaterium* is an antifungal of *Alternaria in vitro* and *in vivo,* by showing its ability to inhibit the growth of the pathogen mycelium \[[@bib0200]\].

Beneficial effects of a bacteria of the genus *Bacillus* can present several mechanisms of action. One of them is as a direct antagonism: when they colonize the rhizosphere of plants, they provide protection and deploy their entire arsenal of antibiotics to fight pathogenic microorganisms. The other mechanism is as an indirect pant protector: the bacteria provide an inducible systemic resistance, which makes the host more resistant to the future entry of pathogens. It has been shown that treatments with *Bacillus* can protect the aerial part of plants \[[@bib0205]\]. The disease index reported when using *Bacillus megaterium* in another *Brassica* species is 15.82 %, close to the value reported in this study \[[@bib0210]\].

5. Conclusions {#sec0125}
==============

The field evaluation of the *Bacillus megaterium*-based biopreparations showed significant differences between treatments. The biopreparation obtained by solid fermentation showed statistical similarity with the chemical treatment in the number of lesions per leaf and the index percentage of the disease in florets and leaves.

Due to the biocontrol potential of *Bacillus megaterium*, the symptoms of the disease caused by *Alternaria japonica* were controlled in leaves and inflorescences of *Brassica oleracea* var. *italica.*

The process of production of a biological control agent is a crucial stage, where research in obtaining low-cost biopreparations at the laboratory level, are relevant contributions for subsequent large-scale production processes.
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[^1]: S.S = Stock of mineral salts: 0.45 g.L^−1^ M40gSO~4~, 3.6 mg.L^−1^ MnSO~4~, 10 mg.L^-1^C~6~H~8~O~7~, 5 g.L^-1^ NaCl, 1.9 g.L^-1^ K~2~HPO~4~.

[^2]: S.S = Stock of mineral salts: 5 g.Kg^−1^CaO, 10 g.Kg^−1^ K~2~HPO~4~.

[^3]: Note: T1: 40 g.L^−1^ soybean flour and 5 g.L^−1^ ground brown sugar, T2: 40 g.L^-1^ soybean flour and 6 g.L^−1^ ground brown sugar, T3: 40 g.L^−1^ fava bean flour and 5 g.L^−1^ ground brown sugar, T4: 40 g.L^−1^ fava bean flour and 6 g.L-1 panela, T5: TSB. Mean ± standard deviation. \* Significant differences at p \< 0.05. Equal letters there is no significant difference between treatments.

[^4]: Note: T1: Barley rice, T2: Wheat bran, T3: Peat, T4: Rice. Mean ± standard deviation. \* Significant differences at p \< 0.05.

[^5]: Equal letters there is no significant difference between treatments.

[^6]: Note: C1 = Liquid Biopreparation, C2 = Solid Biopreparation, TA = Total Control, TQ = Chemical Control. Mean ± standard deviation. \* Significant differences at p \< 0.05. Equal letters there is no significant difference between treatments.
